Aging is regulated by conserved signaling pathways. The glycogen synthase kinase-3 (GSK-3) family of serine/threonine kinases regulates several of these pathways, but the role of GSK-3 in aging is unknown. Herein, we demonstrate premature death and acceleration of age-related pathologies in the Gsk3a global KO mouse. KO mice developed cardiac hypertrophy and contractile dysfunction as well as sarcomere disruption and striking sarcopenia in cardiac and skeletal muscle, a classical finding in aging. We also observed severe vacuolar degeneration of myofibers and large tubular aggregates in skeletal muscle, consistent with impaired clearance of insoluble cellular debris. Other organ systems, including gut, liver, and the skeletal system, also demonstrated age-related pathologies. Mechanistically, we found marked activation of mTORC1 and associated suppression of autophagy markers in KO mice. Loss of GSK-3a, either by pharmacologic inhibition or Gsk3a gene deletion, suppressed autophagy in fibroblasts. mTOR inhibition rescued this effect and reversed the established pathologies in the striated muscle of the KO mouse. Thus, GSK-3a is a critical regulator of mTORC1, autophagy, and aging. In its absence, aging/senescence is accelerated in multiple tissues. Strategies to maintain GSK-3a activity and/or inhibit mTOR in the elderly could retard the appearance of age-related pathologies.
Introduction
Aging is usually defined as the progressive loss of function accompanied by decreasing fertility and increasing mortality with advancing age (1) . It is a complex biological process controlled by multiple genetic, epigenetic, and environmental factors. In order to explain how aging occurs at the molecular level, numerous theories have been proposed, but as yet, a unifying theory has not emerged. There are four main theories that are accepted more widely. (a) The telomere loss theory proposes that telomere shortening represents a cell-intrinsic mechanism, leading to DNA damage accumulation and activation of DNA damage checkpoints in aging cells. Activation of DNA damage checkpoints in response to telomere dysfunction results in induction of cellular senescence (2) (3) (4) . (b) The somatic mutation theory states that aging proceeds if somatic mutations and other forms of DNA damage exceed the capacity for DNA repair (5) . (c) The mitochondrial theory suggests that accumulation of mutations in mitochondrial DNA with age impairs ATP production, resulting in impaired bioenergetics (4) . (d) The waste accumulation theory proposes that aging results from the accumulation of damaged proteins or superfluous or dysfunctional organelles due to age-related impairment of degradative processes, including the ubiquitin-proteasome system and, especially, lysosome-mediated autophagy (6, 7) .
Many conserved signaling pathways and regulatory proteins are reported to regulate life span and rate of aging of eukaryotic organisms. They include, but are not limited to, the insulin/IGF-1 pathway, the mTOR pathway, the WNT signaling pathway, and the p53/sestrin signaling pathway. The insulin/IGF-1 signaling cascade comprises insulin/IGF-1, insulin/IGF-1 receptor/DAF-2, insulin/IGF-1 receptor substrate (IRS), phosphatidylinositol 3-kinase, 3-phosphoinositide-dependent protein kinase-1, AKT/ PKB, and the FOXO/DAF-16 transcription factor (8, 9) . Multiple mutations in components of this signaling pathway extend life span, e.g., mutations in DAF-2 or IRS double the life span of C. elegans (10) . This extension of life span is also seen in heterozygous IGF-1 KO mice (null mutants are not viable) (11) and in mice lacking the insulin receptor in adipose tissue (12) .
The mTOR kinase is a key amino acid and nutrient sensor that stimulates growth and blocks salvage pathways, such as autophagy, when energy stores are plentiful (13) . mTOR exerts its effects by phosphorylating eukaryotic initiation factor 4E-binding (eIF4E-binding) protein 1 (4E-BP1), which inhibits 5′-cap-dependent mRNA translation (the major mechanism of translation) by binding and inactivating eIF4E. Phosphorylation of 4E-BP1 leads to release of eIF4E, allowing initiation of translation (14) . In addition to 4E-BP1, mTOR also regulates translation via S6 kinase. Inhibiting the mTOR pathway increases life span in many species, from yeast to mice (15, 16) . Increased WNT signaling was recently reported to be a potent activator of mitochondrial biogenesis and ROS generation, leading to DNA damage and acceleration of cellular senescence in primary cells (17) . p53 is a well-established transcription factor, with tumorsuppressive properties (18) . Sestrins, which are target genes of p53, have been reported to protect cells against various insults through functioning as antioxidants, thereby reducing ROS accumulation. Sestrins also act as inhibitors of TORC1 signaling, preventing accelerated aging and development of age-associated pathologies (19) (20) (21) . Klotho has been identified as an "aging suppressor" in mice (22) . Deletion of klotho appears to lead to accelerated aging in mice, due, in part, to augmented WNT signaling (23) .
The glycogen synthase kinase-3 (GSK-3) family of serine/threonine kinases was first identified as a negative regulator of glycogen synthase, the rate-limiting enzyme in glycogen synthesis (24) . The family consists of 2 isoforms, α and β, which are 98% identical within their kinase domains but differ substantially in their Nand C-terminal sequences. Unlike most protein kinases, GSK-3 is typically active in unstimulated cells and is inhibited in response to a variety of inputs (25) . Because GSK-3-mediated phosphorylation of substrates usually leads to inhibition of those substrates, the net result of inhibition of GSK-3 is typically functional activation of its downstream substrates.
Few enzymes exert as broad a regulatory influence on cellular function as GSK-3. Over 50 targets have been reported to be phosphorylated by GSK-3, including metabolic enzymes, signaling molecules, structural proteins, and transcription factors. Thus, it is not surprising that GSK-3 plays important roles in numerous signaling pathways that regulate a variety of cellular processes (26) (27) (28) (29) (30) . Importantly, we noted that a number of the factors discussed above that regulate aging have been reported to be regulated by GSK-3s, including the WNT, insulin/IGF-1, mTOR, and p53 signaling pathways. Herein, we present what we believe to be the first studies demonstrating accelerated development of aging-related pathologies in striated muscle (heart and skeletal muscle -our primary focus) but also in gut, liver, and joints (bone and cartilage) in a Gsk3a KO mouse. These phenotypes are associated with a reduced life span. We believe that the evidence suggests that GSK-3α is a novel regulator of aging that retards age-related pathologies in a wide variety of tissues. Our studies, including those with everolimus, an mTOR inhibitor, implicate unrestrained mTOR activity as a key factor driving aging in the absence of GSK-3α and suggest that mTOR-mediated impairment of autophagy is the critical downstream event promoting senescence.
Results
Shortened life span in the Gsk3a KO mouse. We chose to focus on GSK-3α largely because of a chance observation that Gsk3a KO mice appeared to die earlier than WT littermates. To determine whether this was the case, we applied Kaplan-Meier analysis to a cohort of mice. We followed 57 KO and 30 WT age-matched mice, with daily observation for deaths. A survival disadvantage in the KO mice first became statistically significant at 534 days (76.3 weeks) of age (P = 0.04; Figure 1 ). The percentage of survival at termination of the study (24 months or 104 weeks) was 42.1% for the KO mice and 73.3% for WT mice (P = 0.011). While it is difficult to pinpoint the exact cause of death, due to the marked alterations in a number of organ systems, given the very profound cardiac abnormalities observed in the KO mice (see below), we presume the vast majority of deaths were cardiac in origin.
Cardiac hypertrophy, contractile dysfunction, impaired diastolic relaxation, and senescence in the Gsk3a KO mice. We then examined the hearts of the Gsk3a KO mice. We had previously reported that this mouse developed spontaneous cardiac hypertrophy, beginning after 6 months of age (31) . In order to extend the time line, we studied KO and littermate control mice at 3, 6, 12, and 24 months. Of note, we observed no alteration in phosphorylation status or total levels of GSK-3α in WT mice across this age range (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI64398DS1). We first confirmed that the KO mice had more hypertrophy at 6 months, but this continued to worsen over time, whether based on direct quantification of heart weight or echocardiographic determination ( Figure 2 , A-D). More strikingly, contractile dysfunction and diastolic relaxation, as determined by invasive hemodynamic monitoring, were dramatically worse in the KO mice (Figure 2 , E-G). Studies using echocardiography also showed impaired contractile function, with significant reductions in ejection fraction (EF) ( Figure 2H ). Furthermore, dilative remodeling was pronounced, with marked increases in the size of the LV chamber ( Figure 2I ).
We then examined the myocardia of the KO mice at the various ages. H&E staining of the heart revealed vacuolar degeneration and blanching of the myocardium, consistent with marked sarcopenia, a hallmark of aging in muscle ( Figure 3A ). This was evident as early as 12 months of age. In other sections, we saw disappearance of sarcomeric structures and loss of myofibrils in the KO mice but not in the age-matched WT mice ( Figure 3C ). We also saw marked myocyte dropout with increasing fibrosis on both H&E-and trichrome-stained sections ( Figure 3 , B and C). Using transmission electron microscopy, we saw large numbers of swollen and structurally disrupted mitochondria ( Figure 3D ). Consistent with this, there were increased levels of ROS in the KO mice, as determined by superoxide production ( Figure 3E ). Finally, expression of p16, a marker of senescence, was significantly increased in the hearts of the KO mice ( Figure 3F ).
Skeletal muscle sarcopenia and tubular aggregates in the KO mouse. Given the findings in the heart, we next examined skeletal muscle in the KO mouse. In the vastus intermedius, we observed vacuolar degeneration similar to that seen in the heart ( Figure 4A ). This was not present at any age in the WT controls. In addition, we observed tubular aggregates in the KO mice that again were not present in WT mice at any age ( Figure 4B ). Tubular aggregates are cytoplasmic organelles containing miscellaneous proteins, including proteins of the sarcoplasmic reticulum and mitochondria. They are insoluble and can be transferred to vacuoles but are also an alternate system to traffic transport-incompetent insoluble material. They appear to become more important when more traditional rescue systems (e.g., autophagy) are impaired. In addition, they are purported to exacerbate myopathies in some situations (32, 33) . As with the heart, superoxide production was significantly increased in the skeletal muscle ( Figure 4C ).
Figure 1
Survival analysis in Gsk3a KO and WT mice. Cumulative survival curves in n = 57 Gsk3a KO and n = 30 WT mice. Kaplan-Meier survival analysis confirms shortened life span in the Gsk3a KO mouse. The percentage of survival at termination of the study (24 months) was 42% for Gsk3a KO mice and 73% for WT mice (P = 0.01).
Senescence in other organ systems. Although our focus was on striated muscle, we also wanted to determine whether senescence might affect other organ systems in the KO mouse. Therefore, we turned to the digestive system and examined the liver and small intestine. Surprisingly, given what we had seen in other organ systems, deletion in the liver caused no obvious abnormalities on H&E staining (data not shown). However, when we looked for markers of senescence in the livers of the KO mice, we found a highly significant increase in phospho-histone H2AX-positive cells, consistent with premature senescence in KO hepatocytes ( Figure 5A ).
Figure 2
Cardiac abnormalities in the Gsk3a KO mouse. Deletion of GSK-3α leads to exaggerated cardiac hypertrophy, contractile dysfunction, and impaired diastolic relaxation. Mice were examined for cardiac abnormalities at (A and B) 6 months and 24 months of age or (C-I) at 3, 6, 12, and 24 months. For the small intestine of the KO mouse, we used a marker of cellular senescence, senescence-associated β-galactosidase (SA β-gal) activity, and found a marked increase in activity in the KO mice, whereas only sporadic SA β-gal-positive single cells were seen in the WT mice ( Figure 5B ).
Bone and skeletal system. We next examined the skeletal system and joints. We used micro-CT and histological sections stained with H&E and Alcian blue (the latter to detect proteoglycan) to examine the knee joint for signs of age-related osteoarthritis. At 1 year of age bone volume/total volume (BV/TV) in the KO mice was similar to that in the WT mice ( Figure 6A ). Furthermore, the joints of WT and KO mice were comparable in architecture, and the bones and articular cartilage surfaces appeared relatively normal ( Figure 6A ). However, at 2 years of age, BV/TV in the KO mice was increased on micro-CT analysis ( Figure 6A ). This difference in bone volume between KO and WT mice can be clearly seen on the 3D reconstruction of the joint. The histological images confirm that the articular surface is denuded of cartilage, and ossification of the subchondral bone has extended into the meniscal area. The joint space of the KO mouse, as well as the surrounding support tissues, have both clearly mineralized, resulting in almost complete ankylosis.
To investigate the expression level of common mediators of osteoarthritis in these animals, immunohistochemistry, using antibodies to MMP-13 and IL-1, was performed ( Figure 6B ). The 12-month-old mice showed similar amounts of MMP-13 at the osteochondral junction for both WT and KO animals. The main difference in MMP-13 staining between WT and KO mice was the higher level of expression by cells in the bone marrow of the KO mice. Similarly, the IL-1 staining at 1 year was also increased in the bone marrow, with additional distinct staining of osteocytes in the KO mice as compared with that in WT mice. At 24 months, the IL-1 staining appeared similar between WT and KO mice, but MMP-13 levels remained markedly increased in the KO mice. Thus, proinflammatory cytokines are indeed increased in the KO mice.
Mechanisms regulating aging. We next explored potential molecular mechanisms underlying the accelerated aging. We noted an increase in expression of IRS-1, a direct target of GSK-3, but, consistent with our prior studies (34), this was not associated with a significant increase in Akt activity, as determined by phospho- rylation of serine-473 of Akt ( Figure 7, A and B) . However, the dysregulation of mTORC1 function was most striking. We examined mTORC1 signaling in the aging mice and found markedly increased activity in the KO mice, based on phosphorylation of the 3 mTORC1 targets: 4E-BP1, S6 kinase, and ribosomal S6 protein ( Figure 7 , C-E). We also examined the phosphorylation status of tuberous sclerosis protein 2 (TSC2), which acts to inhibit mTOR. We found no alterations in TSC2 phosphorylation at T1462, a key Akt site (ref. 35 and Supplemental Figure 2 ), or at S1254, a site regulated by p38 MAPK (data not shown). This suggests that neither the Akt pathway nor p38 are major contributors to the increased mTORC1 activity seen in the KO mice.
Given the central role of mTORC1 in regulating autophagy and the key role of autophagy in aging, we assessed autophagy in the hearts of KO and WT mice by quantifying expression of the autophagy markers beclin-1 (ATG6), LC3-I/II, and p62. Beclin-1 expression was very evident in the hearts of the WT mice at 6 months of age but was largely reduced in the KO hearts, suggesting impaired or reduced autophagy (refs. 36, 37, and Figure 8A ). Consistent with this, the LC3-II to LC3-I ratio was dramatically reduced in KO mice compared with that in WT mice, and this was particularly pronounced in the 12-and 24-month-old mice ( Figure 8A ). Finally, p62 expression was markedly increased in the 12-and 24-month-old KO mice ( Figure 8A ). Thus, these 3 markers of autophagy are consistent with impaired autophagy in the KO mouse, particularly as it ages.
Despite these findings and the general support for using the above biomarkers of autophagy, it is accepted that autophagy should be measured as a "flux event" rather than a static measurement (38) . Therefore, we used tandem mRFP-GFP-LC3 fluorescence analysis in mouse embryonic fibroblasts (MEFs) treated with a small molecule inhibitor of GSK-3 (SB216763; Figure 8 , B and C, and ref. 39 ) and in Gsk3a KO adult fibroblasts (Figure 8 , D and E) to determine whether GSK-3α truly regulates autophagy. To summarize, both models were entirely consistent with GSK-3α directly regulating autophagy. Inhibition of GSK-3 with the small molecule inhibitor significantly decreased autophagosome and autolysosome number and thus impaired autophagic flux ( Figure 8B ). SB216763 treatment also decreased the number of autophagosomes in the presence of bafilomycin A1, an inhibitor of autophagosome-lysosome fusion (Figure 8C) , suggesting that GSK-3 is also required for autophagosome formation. To further confirm the role of GSK-3α in autophagic flux, tandem mRFP-GFP-LC3 assays were performed on isolated WT and Gsk3a KO adult fibroblasts. Starvation-induced autophagic flux was impaired in the Gsk3a KO fibroblasts (Figure 8 , D and E, and Supplemental Figure 3 ). In these experiments, treatment with bafilomycin A1 significantly reduced autophagosome number in the Gsk3a KO fibroblasts compared with that in WT fibroblasts, confirming the role of GSK-3α in autophagosome formation.
Finally, we wanted to determine the key driver(s) of the profound phenotypes that we observed in striated muscle of the Gsk3a KO mice, with our hypothesis being that unrestrained activation of
Figure 6
Increased bone mass, knee joint pathology, and inflammatory cytokines in the Gsk3a KO mice. (A) Representative micro-CT scans (in blue) and histological images of the knee. BV/TV, analyzed by micro-CT, was increased strikingly in the knees of the KO mice at 12 and 24 months of age. Values indicate BV/TV for each group. Calcification in the aging knees of the KO mice is also evident by both micro-CT and histology. There is fusion of the joint space and meniscus of the knee at 24 months of age. Original magnification, ×40. (B) Representative immunohistochemistry images from the knees of WT or Gsk3a KO mice, stained for inflammatory cytokines MMP-13 and IL-1. MMP-13 staining (brown stain) is increased in the KO bone marrow at 12 months and remains elevated at 24 months. IL-1 staining (brown stain) is also increased in the osteocytes and bone marrow of the KO mice at 12 months, indicating elevated inflammatory cytokines in the KO mice. Original magnification, ×100. mTOR was central to the pathology. Therefore, we treated 1-and 2-year-old Gsk3a KO and WT mice with the mTOR inhibitor, everolimus. Confirming that everolimus was acting as expected to increase autophagy in vitro and in vivo, we found that everolimus pretreatment corrected the defect in starvation-induced autophagic flux seen in the Gsk3a KO fibroblasts ( Figure 9A ). Everolimus also restored autophagy in MEFs in the presence of the GSK-3 inhibitor SB216763 (Supplemental Figure 4) . Taken together, these findings confirm that unrestrained mTOR activation following inhibition or deletion of GSK-3α is largely responsible for the impaired autophagy that we observed. We also immunoblotted for p62 and LC3-II/I ( Figure 9B ) and found that everolimus restored p62 and LC3-II/I levels to normal in the KO hearts, consistent with restoration of autophagy. We then asked whether everolimus might reverse the progression of disease seen in the older KO mice. Everolimus was administered via gavage over 6 weeks, with the mice undergoing periodic transthoracic echocardiography. To our surprise, we saw significant improvement in all functional and morphometric parameters, particularly in the older mice ( Figure 10A ). The benefit was also seen in the skeletal muscle of the KO mice, as evidenced by a significantly reduced number of skeletal muscle myocytes with vacuolar degeneration ( Figure 10B ).
In summary, GSK-3α negatively regulates mTOR and that inhibition activates autophagy in vitro and appears to do so in vivo. With inhibition or deletion of GSK-3α, mTOR is unrestrained and autophagy is impaired, there is excess accumulation of cellular debris in the striated muscle, and, ultimately, contractile function is reduced. Reestablishing mTOR inhibition downstream of GSK-3 by everolimus restores autophagy as well as contractile function, particularly in the setting of advanced age.
Discussion
Herein, we present evidence demonstrating that GSK-3α is a suppressor of aging that retards age-related pathologies, thereby increasing life span in the mouse. Although we focused more on organs with striated muscle, other organ systems were affected as well, including the gut, liver, and bone and joints. In fact, with the exception of skin, which had no obvious aging-related pathologies, every system we examined had significant abnormalities.
Although little has been reported regarding GSK-3s in aging, cues can be found in published studies that imply that GSK-3s have a potential role. For example, GSK-3s are key negative regulators of WNT signaling. Increased WNT signaling may accelerate aging through stimulating protein translation and mitochondrial biogenesis and inducing ROS generation. But in contrast to those findings, we have not observed significant derangements in WNT signaling in the hearts of the Gsk3a KO mice (refs. 29, 40 , and data not shown), suggesting that WNT signaling is likely not a major factor in the accelerated aging in the KO heart. We did observe significant increases in ROS in the heart and skeletal muscle of the KO mouse, and this could promote senescence. That said, it is not clear how deletion of GSK-3α might lead to increased ROS production, and determining the mechanism is beyond the scope of this work.
We do, however, have mechanistic data on dysregulation of 2 key pathways, both of which importantly impinge upon autophagy. Inactivating mutations in IRS proteins, central components of the insulin/IGF-1 signaling pathway, extend life span in various species. IRS-1 has been reported to be phosphorylated by GSK-3β, leading to its ubiquitination and proteasomal degradation (41) , and, indeed, we saw a significant increase in IRS-1 expression in the heart of the Gsk3a KO mouse. However, this did not appear to lead to enhanced activity of key factors downstream in the IRS-1 pathway, including Akt. Thus, activation of Akt does not appear to be a major mechanism by which autophagy is impaired in the KO mouse.
However, a second mechanism, and one that we show to be critical to the aging phenotypes, is via the loss of direct regulation of mTORC1 by GSK-3α in the KO mouse. Inhibiting the mTOR pathway has been shown to increase life span and slow aging-related pathologies. GSK-3, acting via TSC2, leads to inhibition of mTORC1 (42) . Our published data have confirmed increased mTORC1 activity in the young (~4-month-old) Gsk3a KO mouse (31) , and this disparity between WT and KO mice is exaggerated with advancing age (43) . This unrestrained activation of mTORC1 leads to a profound inhibition of autophagy (Figure 8 and refs. 44, 45) . Each of the 3 markers of autophagy that we examined, beclin-1 (ATG6), LC3-I/II, and p62, were markedly dysregulated, and all indicate impaired autophagy. Beclin-1 is required for the initiation of the formation of the autophagosome, but it was virtually absent in our immunohistochemistry studies. LC3, the mammalian homolog of yeast ATG8, is both a marker and an lated pathologies in older mice This clearly suggests that while the IRS-1/Akt pathway is dysregulated in the Gsk3a KO mouse, its role in the cardiac and skeletal muscle phenotypes is minor. Supporting this conclusion, we found no increase in phosphorylation of T1462, the Akt phosphorylation site on TSC2.
Recently, Lin et al. (47) reported that GSK-3 can, under certain circumstances (i.e., growth factor withdrawal), regulate autophagy, findings that appear to be consistent with our conclusions. However, in contrast to gene deletion, Lin et al. used nonselective small molecule inhibitors and LiCl to inhibit GSK-3. This limits any firm conclusions from being drawn concerning the role of GSK-3 in general and abrogates the ability to parse out specific roles of the 2 GSK-3 isoforms, since there are no isoform-specific inhibitors. Furthermore, the signaling pathway leading to activation of autophagy appears to be different, since we saw no involvement of the protein TIP60 or AMPK (data not shown). Most importantly, the pathological consequences of alterations in GSK-3 activity and autophagy for multicellular organisms, including regulation of aging, were not addressed in Lin et al.
In conclusion, we believe that our studies define a novel and key role for GSK-3α in preventing premature aging in several organ systems. In its absence, mTOR is constitutively hyperactivated, and this is associated with derangements in autophagy that have critical consequences on clearing cellular debris and on organismal viability. Our studies open the possibility of moderating the devastating effects of aging by manipulating GSK-3α.
Methods
The creation of the Gsk3a -/-KO mouse was previously described (48) .
Antibodies and chemicals. Antibodies used were directed against β-catenin (no. 9562), GSK-3α (no. 9338), GSK-3β (no. 9315), and both phosphorylated GSK-3α at Ser21 and GSK-3β at Ser9 (no. 9331; all from effector of autophagy. When autophagy is blocked, LC3-I levels increase and LC3-II levels decline, and this was strikingly observed in the case of the KO mice, compared with the WT mice, particularly as the KO mice aged. Finally, p62 is degraded by autophagy, and its increase in expression in the KO mice, particularly with advancing age, is also consistent with impaired autophagy. When viewed in the context of our findings in both skeletal muscle and the heart, which demonstrate an inability of the KO mice to clear damaged and dysfunctional mitochondria and other debris, we believe impaired autophagy is a key mechanism promoting aging in the KO mice. In fact, we could not find examples in the literature of such marked dysregulation of these autophagy markers, except in those scenarios that used manipulation of factors directly regulating autophagy. Although autophagy must be viewed as a flux event (and we indeed found striking alterations in autophagic flux following deletion or inhibition of GSK-3α), our findings, and those involving the mTOR inhibitor, everolimus (see below), strongly support dysregulation of autophagy as the central driver of the cardiac and skeletal muscle pathologies. Of note, autophagy has also been reported to play an important role in maintaining skeletal muscle mass (46) . The pathologies presented in that study, which used skeletal muscle-specific deletion of the autophagy gene, Atg7, are reminiscent of those seen in our studies in both heart and skeletal muscle.
In any case, our studies clearly suggest that increased mTOR activation following deletion of GSK-3α is the primary mechanism, and final common pathway, summating multiple inputs that lead to impaired autophagy and profound derangements in various tissues. This conclusion is most strongly supported by the studies in which the mTOR inhibitor, everolimus, protected against progression of age-related pathologies in heart and skeletal muscle of younger mice and strikingly reversed those age-re-
Figure 9
Inhibition of mTOR restores autophagy in striated muscle of the Gsk3a KO mouse. (A) Adult cardiac fibroblasts were transfected with the tandem mRFP-GFP-LC3 adenovirus. Cells were starved in EBSS buffer, with or without the mTOR inhibitor, everolimus (EVR). The number of yellow and red LC3 dots per cell in each condition was quantified. Data are representative of 3 independent experiments. (B) Two-year-old WT and Gsk3a KO mice were treated with everolimus, as described in the Methods. LV lysates were prepared and autophagy markers were analyzed by Western blot. Densitometric analysis of p62 expression and the LC3-II/LC3-I ratio was normalized to GAPDH. mTOR inhibition largely normalized the impaired autophagy in the aged Gsk3a KO mice.
Figure 10
Inhibition of mTOR rescues the aging phenotype in striated muscle of the Gsk3a KO mouse. as previously described (49) . In brief, tissue homogenates were placed in lucigenin buffer (5 μmol/l), and relative light units (RLUs) were measured with an FB 12 luminometer. Superoxide production was expressed as RLUs per second per mg wet tissue.
Echocardiography. Transthoracic 2-dimensional echocardiography was performed with a 12-mHz probe (VisualSonics) on mice anesthetized by inhalation of isoflurane (1%~1.5%). M-mode interrogation was performed in the parasternal short-axis view at the level of the greatest LV end-diastolic dimension (EDD). EDD, LV end-systolic dimension (ESD), and diastolic LV posterior wall thickness (LVPW;d) were measured and used to calculate percentage of fractional shortening (FS), EF, and LV mass. FS and EF values were exported from the echo program, and LV mass was calculated with the following formula: (2 × LVPW;d + EDD) 3 -EDD 3 .
Hemodynamics. For in vivo hemodynamic measurements, a 1.4 French micromanometer-tipped catheter (no. SPR-671 from Millar Instruments Inc.) was inserted into the right carotid artery and advanced into the LV of mice that were lightly anesthetized (i.e., maintained spontaneous respirations) with tribromoethanol/amylene hydrate (2.5% w/v, 8 μl/g injected intraperitoneal; Avertin). Hemodynamic parameters, including LV systolic pressure, LV end-diastolic pressure, and rate of LV pressure rise (+dP/dt and -dP/dt), were recorded in closed-chest mode, both at baseline and in response to 10 ng isoproterenol, administered via cannulation of the right internal jugular vein.
Micro-CT analysis. The knee joint was analyzed by micro-CT, as previously described (50) . Briefly, 6 right knee joints were harvested from KO mice and littermate controls, were fixed in 4% paraformaldehyde, and then subjected to micro-CT analysis (Scanco μCT 40).
Autophagic flux. MEF cells were maintained in DMEM with 10% FBS supplemented with l-glutamine, and penicillin/streptomycin. Adult cardiac fibroblasts were isolated from WT and Gsk3a KO mice, as previously described (51) . The method to evaluate tandem fluorescent LC3 puncta using Ad-mRFP-LC3 has been described previously (52) . Briefly, MEF cells were transfected with Ad-mRFP-LC3 at 100 MOI for 24 hours (a gift from J. Sadoshima, University of Medicine and Dentistry of New Jersey, Newark, New Jersey, USA). For, starvation, cells were first washed with PBS 3 times and then incubated in EBSS (SH30029, Hyclone) for 4 hours. To inhibit autophagosome-lysosome fusion, MEFs were treated with 50 nmol/l bafilomycin-A1 for 4 hours. After designated treatments, cells were washed twice with PBS and fixed with 4% paraformaldehyde in PBS. All the cellular images were obtained using a Nikon TiE fluorescence microscope. For quantification of autophagic cells, GFP-LC3 and mRFP-LC3 punctated dots were determined from triplicates by manual counting of more than 50 cells. In this assay, mRFP retains its fluorescence, even in the acidic environment of lysosomes, whereas GFP loses its fluorescence.
Statistics. Differences between data groups were evaluated for significance using unpaired 2-tailed Student's t test or 1-way ANOVA, as appropriate, and Bonferroni post-hoc test (GraphPad Prism Software Inc.). Repeated -measures ANOVA was used to evaluate the statistical significance of data acquired from same animals over multiple time points. Survival analysis was performed by the Kaplan-Meier method, and between-group differences in survival were tested by the Gehan-Breslow-Wilcoxon test. Data are expressed as mean ± SEM, unless noted otherwise. For all tests, P < 0.05 was considered statistically significant.
Study approval. All studies involving the use of animals were approved by the IACUC of the Temple University School of Medicine.
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β-Galactosidase staining. Cryostat tissue sections were air dried for 25 minutes at room temperature. Sections were fixed with 0.2% glutaraldehyde, 5 mM EGTA, and 2 mM MgCl2 in 0.1 M PB for 10 minutes at 4°C. Sections were then washed with PBS, twice for 5 minutes each time, and then were rinsed in Detergent Rinse Buffer (2 mM MgCl2, 0.02% Nonidet P-40, and 0.01% sodium deoxycholate in 0.1 M PBS) for 10 minutes. Sections were incubated in X-gal Reaction Buffer (5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 2 mM MgCl2, 0.02% Nonidet P-40, 0.01% sodium deoxycholate, and 1 mg/ml X-gal in 20 mM Tris buffer, pH 6.0) overnight at 37°C and then washed with PBS, twice for 5 minutes each time. Sections were then placed in 10% formalin or 4% paraformaldehyde for 10 minutes at room temperature. They were then washed with PBS, 3 times for 5 minutes each time, counterstained with Nuclear Fast Red (no. H-3403 from Vector Laboratories Inc.) for 3 minutes, washed with PBS twice for 2 minutes each time, then dehydrated with serial concentrations of ethanol (95%, 3 minutes; 100%, twice for 3 minutes each time), and cleared with xylene twice for 3 minutes each time. Slides were then mounted with permanent mounting media.
Immunohistochemistry. Paraffin sections were deparaffinized with serial xylene washes and rehydrated with serial concentrations of ethanol (from high to low concentrations gradually). To retrieve the antigen, slides were put in Antigen Unmasking Solution (no. H-3300 from Vector Laboratories Inc.) containing 0.1% Nodidet P40 for permeabilization. The solution was boiled for 10 minutes in a microwave according to the manufacturer's instructions, and slides were then allowed to cool. Slides were washed with PBS twice for 5 minutes each time and then incubated in 0.3% hydrogen peroxide in ddH2O containing 0.2% (w/v) sodium azide at room temperature for 10 minutes to eliminate activity of endogenous peroxidases. Sections were incubated in blocking buffer (5% [v/v] normal serum in PBS) for 30 minutes at room temperature. Sections were incubated with primary antibody at 1:250 in blocking buffer at 4°C overnight. Slides were washed with PBS 3 times for 5 minutes each time and then incubated with the EnVision+ System-HRP (no. K4002 from Dako) for 60 minutes at room temperature, followed by washing with PBS, 3 times for 5 minutes each time, and development with DAB substrate from the Peroxidase Substrate Kit (no. SK-4100 from Vector Laboratories Inc.). Slides were counterstained with Hematoxylin QS (no. H-3404 from Vector Laboratories Inc.) and then were dehydrated with serial concentrations of ethanol and cleared with serial xylene washes. Slides were mounted with permanent mounting media.
Immunoblotting. LV tissue was homogenized in 10 volumes of lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.25% sodium deoxycholate, 1% NP-40), supplemented with protease inhibitor cocktail and phosphatase inhibitor cocktail (Sigma-Aldrich). After homogenization, the homogenates were centrifuged at 12,000 g for 15 minutes and separated into NP-40 soluble supernatant and insoluble pellet. Protein concentration in the supernatant was quantified with the bicinchoninic acid protein assay (no. 23225 from Pierce). The supernatant was loaded for immunoblotting unless otherwise noted. Equal amounts of proteins were subjected to SDS-PAGE and subsequently were transferred to nitrocellulose membranes. Primary antibody incubations were performed at 1:1,000 dilution. All incubations were done at 4°C, overnight. The secondary antibody used was Alexa Fluor 680 (Molecular Probes), at 1:2,500 dilution, for 1 hour at room temperature. Membranes were scanned with the Odyssey Infrared Imaging System (LI-COR).
Detection of superoxide production. Superoxide production in cardiac and skeletal muscle was measured by lucigenin-enhanced chemiluminescence,
